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FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear

rocket technology is being conducted by the United Aircraft Research Laboratories
under Contract SNPC-70 with the joint AEC-NASA Space Nuclear Propulsion Office.

The Technical Supervisor of the Contract for NASA is Captain C. E. Franklin (USAF).
Results of portions of the investigation conducted during the period between
September 16, 1969 and September 15, 1970 are described in the following eight
reports (including the present report) which comprise the required first Interim
Summary Technical Report under the Contract:

lo

Klein, J. F. and W. C., Roman: Results of Experiments to Simulate Radiant
Heating of Propellant in a Nuclear Light Bulb Engine Using a D-C Arc Radiant
Energy Source. United Aircraft Research Laboratories Report J-910900-1,
September 1970,

Jaminet, J. F, and A, E. Mensing: Experimental Investigation of Simulated-Fuel
Containment in R-F Heated and Unheated Two-Component Vortexes. United Aircraft
Research Laboratories Report J-910900-2, September 1970,

Vogt, P. G.: Development and Tests of Small Fused Silica Models of Transparent
Walls for the Nuclear Light Bulb Engine, United Aircraft Research Laboratories
Report J-910900-3, September 1970,

Roman, W. C.: Experimental Investigation of a High-Intensity R~F Radiant Energy
Source to Simulate the Thermal Environment in a Nuclear Light Bulb Engine.
United Aircraft Research Laboratories Report J-910900-4, September 1970.

Bauver, H. E., R. J. Rodgers and T. S. Latham: Analytical Studies of Start-Up
and Dynamic Response Characteristics of the Nuclear Light Bulb Engine. United
Aircraft Research Laboratories Report J-910900-5, September 1970.

Latham, T. S. and H. E. Bauer: Analytical Studies of In-Reactor Tests of a
Nuclear Light Bulb Unit Cell. United Aircraft Research Laboratories Report
J-910900-6, September 1970,

Palma, G. E. and R. M. Gagosz: Optical Absorption in Transparent Materials
During 1.5 Mev Electron Irradiation. United Aircraft Research Laboratories
Report J-990929-1, September 1970, (present report)

Krascella, N. L.: Analytical Study of the Spectral Radiant Flux Emitted from
the TFuel Region of a Nuclear Light Bulb Engine, United Aircraft Research
Laboratories Report J-910904-1, September 1970.
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Report J-990929-1

Optical Absorption in Transparent Materials

During 1.5 MeV Electron Irradiation

SUMMARY

A program of in situ optical experiments was conducted to determine the level
of irradiation-induced optical absorption that exists in Corning Grade 7940 fused
silica and single crystal aluminum oxide during steady-~state 1.5 MeV electron irra-
diation. These experiments were conducted at the Space Radiation Effects Laboratory
of NASA Langley Research Center using a Dynamitron electron accelerator as the
electron source. The optical transmission of a total of 25 fused silica specimens
was measured during electron irradiation over a range of ionizing dose rates
(0.02-10 Mrads/sec) and specimen temperatures (40-900 C). Three of these specimens
had been previously reactor irradiated to a dose of 1017 fast neutrons per cm? at
the Union Carbide Research Center. In addition to measuring the transmigsion at the
peak of the strong irradiation-induced absorpgion band centered at 2150 A, spectral
scans over the wavelength interval 2050-2500 A were also made. The decay of the
irradiation-induced absorption due to optical bleaching and the rate of recoloration
following optical bleaching were measured in order to determine the effectiveness
of optical bleaching and to obtain information relating to the damage mechanism
responsible for the irradiation-induced absorption. The most surprising and impor-
tant result was the low level of irradiation-induced optical absorption at dose
rates equal to those expected in a nuclear light bulb engine which is believed to
be due to radiation annealing.

Also included in this investigation were four aluminum oxide specimens, of
which two had been reactor irradiated to a dose of 1017 fast neutrons per cm® at the
Union Carbide Research Center. The optical transmission of these specimens was
measured during electron irradiation primarily at 2050 A, the peak of the strong
irradiation-induced absorption band in aluminum oxide.
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RESULTS

‘ 1. Measurement of the optical transmission of fused silica specimens during
1.5 MeV electron irradiation indicates that:

.

the growgh of the induced absorption coefficient at a wavelength
of 2150 A during ambient-temperature irradiation is linear with a
slope of 0.05 cm—1/Mrad;

at constant ionizing dose rate, the steady-state 1rrad1at10n—
induced absorption coefficient at a wavelength of 2150 A decreases
with increasing specimen temperature. At 0. 4 Mrad/sec the absorp-
tion coefficient decreases from 5.8 cm~L1 at 100 C to 0.k cm~l at
500 C;

at constant temperature, the induced absorption coefficient in-
creases with increasing ionizing dose rate, up to a dose rate of
0.4 Mrad/sec. Above an ionizing dose rate of 0.4 Mrad/sec, the
induced absorption coefficient decreages with increasing dose
rate. At a specimen temperature of 300 C, the induced absorption
coefficient at 0.4 Mrad/sec is 2 em™! which decreases to 0.1 cm™1
at 5 Mrads/sec;

the steady-state irradiation-induced absorption coefficient 1is
independent of the previous irradiation history;

the rate of annealing at elevated temperatures is enhanced during
irradiation due to radiation annealing. At 300 C the estimated
annealing rate during irradiation at 5 Mrads/sec is 2 secl as
compared with 0.002 sec! measured in the absence of irradiation;

the growth of induced absorption during 1.5 MeV electron irradiation

and during gamma irradiation are approximately equal at the same
ionizing dose rate. The additional generation of induced absorp-
tion due to fission neutrons appears negligible. The radiation
annealing effect observed during electron irradiation is expected
to occur during gamma irradiation also since the ionizing pro-
cesses are nearly identical;

the spectral shape of the 1rrad1atlon—1nduced absorption band,
centered at a wavelength of 2150 A, as measured during elevated-
temperature electron irradistion, does not differ appreciably
from that measured after nuclear-reactor irradiation;
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engine:

the value of the optical bleaching constant, measured at low

light intensity, is approximately 0.08 watts'lcmg-sec"l

the electron trapping constant, measured at low dose rate, is
approximately 2 Mrads™—; and

at a specimen temperature of 930 C and an ionizing dose rate of
5 Mrads/sec, no change in optical transmission was observed over
an irradiation time of 1000 sec in the wavelength interval
2050-2500 A.

2. The results indicate that in an operating full-scale nuclear light bulb

the éstimated heat deposition in the fused silica transparent wall
due to 1rrad1at10n-1nduced optical absorption at wavelengths
longer than 2050 A is 100 Watts/cm3 neglecting optical bleaching.
Optical bleaching is expected to decrease this heat deposition to
10 Watts/cm3. Both values are negligible compared to the expected
total heat deposition of 4.5 kW/cm3 due to convection heating,
nuclear energy deposition and intrinsic optical absorption; and

the fraction of the total radiant light intensity which is absorbed
in the transparent wall due to the 1rrad1at10n—1nduced optical ab-
sorption at wavelengths longer than 2050 A is estimated to be
between 0.02% and 0.002%.

ot 3. Measurement of the optical transmission of aluminum oxide specimens
during 1.5 MeV electron irradiation and following reactor irradiation indicates that:

..

1.5 MeV electron irradiation does not result in appreciable 1n—
duced optical absorption in the wavelength interval 2050-2500 A
in this materialj; and

reactor irradiation genersates aostrong induced absorption band
centered at approximately 2050 A. This induced absorption band
anneals at 500 C in the absence of irradiation and was observed to.
anneal at less than 200 C during electron irradiation at an
ionizing dose rate of 3.5 Mrads/sec.
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INTRODUCTION

The Research Laboratories of United Aircraft Corporation have been con-
ducting an extensive program to determine the effects of nuclear radiation on the
optical transmission of transparent materials under NASA contracts NASw-T68,
NASw-8L4T, and SNPC-T0, and under corporate sponsorship. The purpose of this
program has been to determine the level of irradiation-induced optical absorption
to be expected in the transparent wall of a full-scale nuclear light bulb engine
during normal operation. The material studied most extensively during this program
has been Corning T940 fused silica, whose optical transmission, resistance to
thermal shock, structural properties, ease of fabrication and availability, make
it a promising candidate for the transparent wall material. In addition, the irra-
diation-induced absorption bands at visible wavelengths, which are related to im-
purities, do not develop appreciably in Corning 7940 fused silica due to the low
level of impurities in this material. The irradiation-induced absorption bands
that are observed after exposure to nuclear radlatlons are centered at the ultra-
violet wavelengths of approximately 2150 2 ana 1650 A with a subsidiary peak some-
times observed at approximately 2700 ﬁ (Refs. 1 through 5). These absorption
bands are believed to be due to radiation damage to the Si0p molecules, rather than
to impurities.

To directly determine the level of irradiation-induced absorption that would
exist in the transparent wall of a full-scale engine during normal operation would
require a source whose radiation flux and operating time were equal to that of the
full-scale engine. Since a source of this type has not been available, it has
been the purpose of this program to: (1) conduct a series of related experiments
using various available radiation sources, each of which simulates some aspect of
the radiation flux or dose of the full-scale engine, and (2) develop a suitable

model for the coloration process from which a reasonable estimate of the irradiation-

induced absorption in an operating full-scale engine could be predicted.

These experimental programs have consisted of four distinct sets of experi-
ments which include:

1. post-irradiation optical transmission measurements in which the reactor
irradiation simulated the full-scale engine dose (Ref. 6);

2. 1in situ optical transmission measurements in a pulsed reactor which
simulated the full scale engine dose rate (Refs. 7 and 8);

3. 1in situ optical transmission measurements in a steady-state reactor
which simulated the full-scale engine dose (Ref. 9); and

L., in situ optical transmission measurements in an electron accelerator
which simulated the full scale flux and dose of the ionizing radiation
(Ref. 9).

e
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The post-irradiation measurements were made over the wavelength range from 1500 A

in the vacuum ultraviolet to 4.5 microns in the near infrared. The in situ
measurements, however, were made primarily at 2150 K in the ultraviolet since the
long optical path lengths and difficult instrumental problems associated with these
in situ experiments precluded measurements in the vacuum ultraviolet.

The first set of experiments involved post-irradiation measurements of the
irradiation-induced absorption coefficient in fused silica (Ref. 6). A growth
curve of gamma irradiation-induced absorption coefficient vs. ionizing dose was
obtained which had a slope of 0.045 em~1/Mrad at 2150 Ke The rate of thermal
annealing of nuclear reactor irradiation-induced absorption at this wavelength was
also measured and was found to be an increasing function of specimen temperature.
In addition, some preliminary data on irradiation-induced absorption in aluminum
oxide and beryllium oxide was obtained.

A second set of experiments was conducted in which the optical transmission
of fused gilica at 2150 ﬁ was measured during pulsed neutron and gamma irradiation
using the University of Illinois'TRIGA reactor as a radiation source (Refs. T and
8). The results of these experiments indicated that the generation of the irra-
diation-induced absorption in fused silica was primarily due to the effects of
ionizing radiation and that the effects of neutron damage were not significant. In
addition, the thermal annealing rates observed immediately following the reactor
pulse were found to be much higher than those measured in the previous post-irra-
diation experiments. However, due to the short duration of the reactor pulse
(v30 msec), only transient data was obtained; this was of limited value in predicting
the steady-state absorption that would exist in a full-scale engine.

In order to obtain information on the steady-state irradiation-induced
absorption in fused silica, two additional sets of in situ experiments were con-
ducted during the FY 1969 program (Ref. 9). In one set of experiments the optical
transmission of fused silica was measured during steady-state nuclear reactor
irradiation at elevated specimen temperatures using the Nuclear Engineering Test
Reactor at WPAFB as a radiation source. The results of these experiments were
found to be consistent with a model in which the rate of thermal annealing during
irradiation was equal to that measured in post-irradiation experiments. However,
it was not certain how the results of these experiments could be extrapolated to
the ionizing dose rate of the full-scale engine (5 Mrads/sec) which was a factor
of 250 higher than that of the steady-state reactor. Indeed, as indicated above,
the results of the pulsed reactor experiments of Refs. 7 and 8 indicated that the
annealing rate immediately following high-dose rate irradiation was much faster than
that measured in the post-irradiation experiments of Ref. 6.

The other set of experiments performed during the FY 1969 program was con-
ducted to obtain information on the steady-state irradiation-induced absorption
that would exist in fused silica at high ionizing dose rates and elevated tempera-
tures. The high ionizing dose rates were obtained by 1.5 MeV electron irradiation
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from a Dynamitron electron accelerator, which could provide ionizing dose rates

as high as 10 Mrads/sec for times comparable to the 1000 sec runnihg time of the
full-scale engine. Since the generation of irradiation-induced optical absorption
in fused silica is primarily due to ionizing radiation, these experiments could
provide a full-scale simulation of the effects of nuclear radiation on the trans-
parent wall.

During the Dynamitron experiments, conducted in the FY 1969 program, in-
strumental problems were encountered which limited the accuracy of the data
obtained. These problems included the following: (1) inadequate control and
measurement of electron beam current, (2) inadequate control of specimen tempera-
ture during irradiation, (3) inability to scan wavelength, and (4) large, anomalous
loss of transmission during irradiastion due to thermal effects not associated with
irradiation-induced absorption. In addition, none of the previous experiments
have included the effects of optical bleaching. Since the induced absorption is
observed to bleach when exposed to ultraviolet light (Refs. 3 and 9), and since the
light flux of the full-scale engine is so intense, the effects of optical bleaching
in the full-scale engine could be significant.

The experimental program described in this report is a continuation of the
Dynamitron experiments conducted in the FY 1969 program. The instrumental problems
were eliminated in this program by a redesign of the optical system, furnace
assembly, and current measurement system, and accurate measurements of the irra-
diation-induced optical absorption in fused silica at high dose rates and elevated
temperatures were obtained. Additional experiments were also conducted to determine
the effectiveness of optical bleaching and to determine the damage mechanism
responsible for the irradiation-induced absorption in fused silica. The results of
these and previous experiments were used to derive a mathematical model for the
coloration process which was used to correlate the results of the various expéri—
ments and to predict the irradiation-induced absorption expected in the full-scale
NLB engine.

In addition, preliminary investigations of the effects of electron and
nuclear reactor irradiation on the optical transmission of aluminum oxide were
conducted.

The motivation, design, procedure and results for each of the experiments
and the details of the mathematical model are described in the following sections.
A discussion of the level of irradiation-induced optical absorption expected in the
full-scale engine is also given.

Sy
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DESCRIPTION OF EQUIPMENT AND EXPERIMENTAL TECHNIQUE

The electron irradiations were conducted at the Space Radiation Effects
Laboratory of the NASA Langley Research Center, Hampton, Virginia, using the Dyna-
mitron electron accelerator as a source of 1.5 MeV electrons to provide the
ionizing dose rates up to 10-.0 Mrads/sec to simulate an operating full-scale en-
gine. The system used to make the in situ measurements of optical transmission
during the electron irradiation is similar to that described in Ref. 9. Appropriate
modifications were incorporated to improve the accuracy of the transmission
measurements and to provide a wider specimen temperature range independent of
the electron irradiation conditions.

Dynamitron Electron Accelerator

The Dynamitron electron accelerator is a linear beam device that provides
a continuous l-cm-diameter electron beam through a water cooled, thin (0.001l-in.)
titanium window. In order to obtain an electron kinetic energy of 1.5 MeV at the
output of the beam port, it is necessary to run at a beam energy of 1.6 MeV to
correct for the 0.1 MeV energy loss due to the titanium window. Upon passing
through the titanium window, the electron beam is also scattered resulting in a
loss of collimation. In order to compensate for this effect, l-cm-diameter aper-
tures were used at the output beam port of the accelerator and at the input of
the specimen furnace assembly to provide the necessary collimation. With this con-
figuration, a maximum current density of 100 microamps/cm2 in a well collimated
l-cm-diameter beam could be obtained at the location of the specimen, 1.5 in. from
the beam port.

Specimen Configuration

The specimen configuration and its orientation with respect to the incident
electron and optical beams are illustrated in Fig. 1. The specimens were in the
form of thin wafers of square cross section (0.8 x 0.8 in.). The choice of specimen
thickness was based on a number of requirements which include:

.1, obtaining the correct uniform electron energy deposition that would
result in the desired ionizing dose rate;

2. obtaining a sufficient optical path length through the specimen in order
to allow accurate measurement of optical transmission;

3. minimizing the effects of thermally induced refractive gradients in the
specimen on the optical beam; and,
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4. minimizing the number of electrons stopping in the specimen which
could result in induced birefringence or dielectric breakdown.

A suitable compromise among these various requirements was obtained by choosing a
specimen thickness of 1.5 mm for the fused silica specimens and 1 mm for the
aluminum oxide specimens. The thinner specimens are required in the case of

aluminum oxide because the electron energy loss per unit length is higher than in
fused silica.

In order to provide a large interaction region between the incident optical
beam and the irradiated region, the specimens were mounted at an angle of 65 deg.
with respect to the electron beam axis and at an angle of 25 deg. with respect to
the optical beam axis as shown in Fig. 1. With this configuration, the optical
beam passes through the irradiated region of the specimen only, and the optical
transmission is averaged over the beam cross section as well as the specimen thick-
ness. With the specimen oriented at this angle, the path length which the optical
beam traverses is greater than the specimen thickness and can be calculated from
the following equation:

q = —nd (1)
YnZ-cosZ_
where:
% = path lengtﬁ (1mm)
n = index of refraction
d = specimen thickness (mm)
¢ = angle between specimen and optical beam (deg)

S

The calculated path lengths are 1.9 mm and 1.2 mm for the 1.5 mm fused silica

and 1 mm aluminum oxide specimens, respectively. ghese values are approximately
constant over the wavelength interval 2050<x<2500 A.

The specimen transmission in the absence of optical absorption is less than
100% due to reflection losses at the surfaces of the specimen. The resulting op-
tical transmission can be calculated from the following equation:

sin?2¢g sin22¢t[Sin“(¢S+¢t)+1] (2)

1
I ==
° 2 cos”(¢t—¢s)sin“(¢s+¢t)

i Do
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where:
¢‘t = Sin_l< ___S_COS¢ )
n

The calculated optical transmissions at 2150 K are T8% and 73% for fused
silica and aluminum oxide, respectively. These values are in close agreement with
the values of optical transmission measured prior to irradiation on all specimens
and is an indication of the purity and surface quality of the specimens used.

The felation between the ionizing dose rate, ﬁ, and the electron current
density, J, for an electron kinetic energy E can be calculated for this specimen
configuration using the techniques described in Appendix B of Ref. (9). The results
are:

D=0.125J fof 1.5 mm fused silica specimen (3)

D=0.14 J for 1 mm aluminum oxide specimen (L)
where:

D = ionizing dose rate (Mrads/sec)

J = electron current density (microamp/cmE)

These results are, of course, approximate due to the extreme complexity of the pro-
cegsses involved. The major source of error is in the calculation of the divergence
of the electron beam as it passes through the specimen. The resulting increase in
the volume into which the energy is deposited cannot be exactly determined and con-
tributes an uncertainty of approximately 25% in the estimation of the ionizing

dose rate.

Optical and Electronic System

Figure 2 ig a combined optical and electronic schematic that illustrates in
functional form the important experimental equipment with their respective loca-
tions. The details of the specimen mounting and the furnace assembly will be des-
cribed in the next section.

The light source used in these experiments was a Hanovia Model TT71-B-32
hydrogen discharge lamp operated in a continuous flow configuration. The light
beam is apertured at the lamp, collimated by an off-axis parabola (Perkin-Elmer
098-0041), and split by two plane mirrors into a specimen beam, S, and a reference
beam, R, as shown in Fig. 2. The reference beam is included to provide a conti-
nuous check on variations in the source intensity and detector gain. Both light



J~-990929-1

beams are then chopped sequentially at a frequency of 13 Hz. The specimen beam is
apertured a second time such that the light beam at the specimen has a circular
cross-section of 0.3 cm dismeter as shown in Fig. 1. Both the specimen and reference
beams are collected and imaged by a second off-axis parabola on the monochromator
(Perkin-FElmer Model 99) entrance slit. The light beams are monochromatized after
passing through the specimen in order to prevent the broadband fluorescence gene-
rated by the specimen from saturating the photomultiplier (Ascop 543-1014k) during

the irradiations. The monochromator could be operated at a fixed wavelength or
scanned over the wavelength range 2050 A to 2500 A. Extensive shielding of the
photomultiplier tube and pre-amplifier was necessary in order to minimize the noise
generated by X-rays incident on the photomultiplier and to eliminate the possibility
of radiation damage to the pre-amplifier semiconductors. In order to further dis-
criminate against this source of noise, as well as background light and specimen
fluorescence, a phase-sensitive detection system, locked in phase with the sequential
chopper, was used to extract the desired repetitive waveform. The phase-sensitive
detection system and the remaining electronic equipment were located outside the
irradiation area so that complete monitoring of all important functions was obtained
during irradiation. The output of the phase-sensitive detection system consists of
two d.c. signals, proportional to the intensity of the specimen beam and reference
beam, respectively. The two signals are amplified and their ratio,(S/R), displayed
on a .chart recorder as shown in Fig. 2. This system has a response time of approx-
imately 1 sec. which is limited primarily by the chart recorder response. The

level of noise encountered during irradiation was such that measurement of optical
transmission with an accuracy of *1% was obtained. In the case of the fused silica
specimens, the smallest value of induced absorption coefficient that could be
detected was thus 0.05 cm~L.

A remotely actuated Faraday cup was used in the present set of experiments
to provide both rapid switching of the electron beam and accurate measurement of
the electron beam current and stability prior to, during, or after a given specimen
irradiation, as shown in Fig. 2. The Faraday cup was calibrated by comparing the
nmeasurements obtained with the cup at the location of the specimen with the
measurements obtained with the cup at its location during the optical transmission
experiments. The resulting conversion factor and the measured electron beam diameter
at the location of the specimen can be used to calculate the current density from
the microammeter reading. The current density is then used in Egs. (3) or (&) to
determine the ionizing dose rate.

Furnace Assembly and Specimen Mount

As described in Ref. 8, the furnace assembly used in the FY 1969 Dynamitron
experiments was not capable of maintaining the specimens at temperatures in excess
of 400 C in the absence of electron beam heating. Thus, high-temperature data
could only be obtalned at high ionizing dose rates and, as a result, only a few
isolated data points were obtained. In addition, the accuracy of the limited data

10
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. so obtained was questionable in that it was not possible to determine if the loss
of optical transmission observed during irradiation was due to actual specimen
absorption or to effects of a thermal nature. For instance, the heating of the
specimen by the electron beam could cause the specimen to warp or flex resulting
in a displacement of the optical beam off of the monochromator slit. In order to
i determine if such effects could have influenced the data obtained during the
} FY 1969 experiments, an experiment was performed at UARL in which the optical trans-
miggsion of a fused silica speéimen was measured during irradiation by a COp infrared
{ laser beam. Such an experiment provides a reasonable simulation of the effects of
? electron beam heating on the optical transmission measurements without creating any
irradiation-induced absorption in the specimen. The results of this simulation
experiment indicated that a large decrease in optical transmission could result due
to thermal effects if the specimen was rigidly clamped in its optical mount, as in
the FY 1969 experiments. This was a preliminary indication that the decrease in
optical transmission measured during the FY 1969 electron irradiation experiments
could have been due to thermal effects and that the actual irradiation-induced
absorption was much less than the measurements indicated. It was found that a re-
designed optical mount, that included flexible gaskets between the specimen and its
stainless steel holder, reduced the change in transmission due to thermal effects
to a small predictable increase in transmission, probably due to focussing by the
specimen. These results were confirmed in an electron irradiation experiment that
was run for calibration purposes. The optical transmission of a fused silica
1 specimen was measured during electronoirradiation at various dose rates and specimen
! temperatures at a wavelength of 3000 A at which the induced absorption is negligible.
; A large anomalous decrease in transmission was observed during irradiation when
the specimen was clamped rigidly without the flexible gaskets. On turning off the
‘ electron beam, the transmission recovered immediately. When the specimen was
i mounted with the flexible gaskets, however, only a small increase in transmission
‘ was observed, as in the COo laser simulation experiment. This small increase in
z transmission, due to thermal effects, was applied as a correction to the data
: taken at shorter wavelengths. The maximum correction was 0.1 cm'l at a dose rate
of 5 Mrads/sec and a specimen temperature of 900 C.

In addition to the modification of the specimen mounting configuration to
eliminate thermal effects, the entire furnace assembly was redesigned and was
capable of maintaining specimens at temperatures as high as 1100 C in the absence
of electron beam heating for extended periods of time during the present set of
experiments. OSpecimen temperature was measured with a Chromel-Alumel thermocouple
af in contact with the back surface of the specimen as shown in Fig. 2.

Optical Bleaching Light Source Calibration
Measurements of the relative spectral output of several available high-

o}
, intensity light sources were made in the wavelength region from 2000-4000 A.
# These included a General Electric 900 watt BH-6 mercury arc lamp, a Hanovia

11
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hydrogen discharge lamp, a General Electric 500 watt xenon flashlamp, and a
General FElectric 1000 watt tungsten iodide lamp. The spectral measurements were
made to locate the position of any intense spectral lines and to determine the
spectral variation of the light intensity for the various light sources. The
experimental arrangement that was used is shown in Fig. 3a. A single-beam mono-
chromator system was used with the light source chopped mechanically as shown.

The output of the photomultiplier was recorded on an oscilloscope and the voltage
was recorded as a function of wavelength. No attempt was made to calibrate the
monochromator-photomultiplier combination to give absolute measurements of light
intensity. For this reason, the data in each scan has been normalized to the
maximum value of intensity occurring in each scan. The results of these measurements
are plotted in Figs. 4 through 7 as curves of normalized intensity vs wavelength
in the wavelength band 2000-L000 A for each light source measured. It is seen that
none of the measured light sources have strong spectral lines in the wavelength
region of interest 2050-2250 A, but that the mercury arc and the hydrogen discharge
lamp do exhibit output in this region.

Absolute intensity geasurements were made of the light intensity in the
spectral region 2050-2250 A with the experimental system shown in Fig. 3b. The
detector consisted of a radiometer with a narrowband ultraviolet filter as an
aperture. The ultraviolet fllter had a transmission of approximately 10 percent in
the spectral region 2050-2250 A and essentially zero transmission at other wave-
lengths. The output of the radiometer was recorded on a digital voltmeter as
shown in Fig. 3b. Using this system, it was possible to measure intensities as low
as 100 microwatts/cmz. The only light source with sufficient light intensity for
detection in the spectral region of interest was the BH-6 mercury arc lamp. The
light intensity was recorded as a function of the distance between source and
detector, and the results are presented in Fig. 8, which includes a correction to
account for the filter attenuation. Similar measurements of total intensity, made
without the ultraviolet filter, are presented in Fig. 9.o It can be seen that the
radiated power in the spectral region between 2050-2250 A is approximately 0.2
percent of the total radiated power, which agrees with the manufacturer's specifi-
cations. The intensity in the spectral range of interest was measured to be
2.1 milliwatts/cm2 at a distance of L4 cm from the arc. The light intensity is
approximately inversely proportional to distance from the arc for distances less
than 6 cm and changes to an inverse square variation at about 10 cm, as shown in
Figs. 8 and 9. The intensity at the surface of the arc can be calculated by ex-
trapolating the curve in Fig. 8 to the radius of the arc (0.2 cm) This yields a
maximum obtainable intensity in the spectral range 2050-2250 A of 4o mllllwatts/cm .
This can be approached using an elliptical cavity in which the arc is placed at
one focus and imaged at the other focus.

An unfocussed BH-6 mercury arc lamp was used as the bleaching light source

in the present set of experiments, and the light intensity at a given specimen-
lamp separation was obtained from Fig. 8.
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EXPERIMENTAL RESULTS

The experimental results are expressed as induced absorption coefficients
which are calculated from the chart recorder data using the following equation:

a(r) = L 1n {I_(LLT_:P_:E_)_] (5)
L Io(A)

where:

Q
Y
>
-
n

irradiation-induced absorption coefficient at the wavelength
A(em—L)

% = optical path length through specimen (cm)

Io()A) = chart recorder amplitude prior to irradiation

H
—
>
=]
e
o
S

Il

chart recorder amplitude at a time t after turn-on of electron
beam.

Fused Silica Specimen Irradiations

A total of 25 Corning 7940 fused silica specimens were investigated in this
portion of the experimental program. The irradiation history of each of these
specimens is presented in Table I. Three of these specimens (SC-N-1, SC-N-2, and
SC-N-3) had received a prior irradiation to a dose of 1017/cm? fast neutrons at the
Unlon Carbide Research Center Nuclear Reactor. A total of fifty electron irra-
diations were conducted during whigh the optical transmissign was measured at wave-
lengths in the interval 2050-2500 A, but primarily at 2150 A.

This experimental program can be divided into several distinct areas of
investigation: the measurement of the steady-state irradiation-induced optical
absorption during elevated-temperature electron irradiation; and independent measure-
ments of the growth and removal of irradiation-induced optical absorption which
include radiation annealing, defect generation and removal, optical bleaching and
absorption spectra.

Steady-State Absorption

Measurements of the steady-state irradiation-induced optical absorption were
obtained during electron irradiation runs 1 through 28, 31 and 42 with specimens
SC-1 through SC-12, SC-14 and SC-20 as indicated in Table I. The rgsulting steady-
state values of irradiation-induced absorption coefficient at 2150 A along with the

13
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corresponding ionizing dose rates and specimen temperatures are summarized in
Table II. Data was obtained over a broad range of ionizing dose rates (0.08-5
Mrads/sec) and specimen temperatures (100-900 C). The variation of the ionizing
dose rate, specimen temperature, and irradiation-induced absorption coefficient
during several of these irradiations are illustrated in Figs. 10 through 19. In
all cases the induced absorption coefficient was observed to reach a steady-state
value during the irradiation. 1In certain of the irradiations, as shown in

Figs. 10, 11, 13 and 1k, the induced absorption coefficient was observed to rise
to a maximum value before returning to a lower steady-state value at a given
ionizing dose rate. This overshoot phenomena probably occurs because the specimen
does not achieve thermal equilibrium immediately. Increasing the specimen tempera-
ture during a given irradiation causes the induced absorption ccefficient to
decrease to a lower steady-state value, as shown in Figs. 12, 15, 17, 18, and 19.
This phenomena is expected since the annealing rate increases with increasing
specimen temperature. It was also found that the steady-state induced absorption
coefficient measured during a given irradiation was reversible. That is, the
steady-state induced absorption coefficient is determined by the steady-state
ionizing dose rate and specimen temperature and not by the previous irradiation
history of the specimen. This is illustrated in Fig. 11, which presents the
results of two consecutive irradiations of specimen SC-2 at an lonizing dose rate
of 1.25 Mrads/sec. The same value of steady-state induced absorption coefficient
is observed in each irradiation, although the initial values are significantly
different.

Data showing the steady-state irradiation-induced absorption coefficient at
temperatures of 100, 200, 300, 400 and 500 C from Table II are plotted against
ionizing dose rate in Fig. 20. Also included in Fig. 20 are representative steady-
state data from the reactor-irradiation experiments described in Ref. 9. A smooth
curve can be drawn through the data points at each temperature and the extrapolation
from the electron-irradiation data to the reactor-irradiation data appears reasonable.

The important characteristics exhibited by the steady-state data can be
summarized as follows:

1. The induced absorption coefficient at a given ionizing dose rate
decreases with increasing specimen temperature.

2. A reasonable extrapolation can be made from the steady-state reactor-
irradiation data to the electron-irradiation data.

3. The induced absorption coefficient at a given temperature first rises
with increasing ionizing dose rate, reaches a maximum value, and then
begins to decrease with increasing dose rate. This maximum value of the
induced absorption coefficient occurs at an ionizing dose rate of
approximately 0.4 Mrad/sec.
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Radiation Annealing

A1l but one of the important features of the steady-state data mentioned
above are consistent with the results of previous experiments. First, the induced
absorption at a given dose rate is expected to decrease with increasing specimen
temperature due to the corresponding increase in the thermal annealing rate. Second,
the results of the nuclear reactor irradiations should be consistent with the
results of the electron irradiations when plotted against the corresponding ionizing
dose rates, since it is believed that ionization effects, rather than displacement
effects, are primarily responsible for the coloration of fused silica. However,
the behavior of the induced absorption coefficient at high dose rates, referred to
in item 3 above, represents a new phenomenon in that the steady-state induced ab~
sorption coefficient has not been observed to decrease with increasing dose rate
in any of the previous experiments. This behavior can be explained if it is
assumed that the annealing process is enhanced during irradiation and that the
annealing rate at a given temperature increases with increasing ionizing dose rate.
This behavior is referred to as radiation annealing.

Direct evidence of the existence of a radiation annealing effect is illus-
trated in Fig. 21. Specimen SC-18, which had previously been irradiated at ambient
temperature to an induced absorption coefficient of 1.6 cm—1 during run 37, was
re-irradiated at a dose rate of 10 Mrads/sec during run 38. The induced absorption
coefficient decreases to 1/e of its initial value in a time of 26 sec and is com~-
pletely removed before the specimen temperature exceeds 200 C. The thermal annealing
time constants reported in Ref. 5 were 3 x 10” sec at 200 C and 500 sec at 300 C so
that thermal annealing alone cannot be used to explain this behavior. In order for
thermal annealing to result in a removal time constant of 26 sec, the specimen
temperature would have to be greater than 900 C which is well outside the error in
temperature measurement of *10%.

Defect Generation and Removal

The growth of the irradiation-induced absorption coefficient at 2150 Z during
an ambient-temperature electron irradiation of specimen SC-17 is illustrated in
Fig. 23. Except for a small initial portion, the curve is linear with a slope of
0.042 cm=1/Mrad up to a total dose of 1L0 Mrads. The induced absorption coefficient
does not sagturate indicating that the coloration process may be due to the generation
of defects by the ionizing radiation rather than to defects initially present in the
specimen. The slopes of the linear portions of the remaining ambient-temperature
electron irradiation growth curves are summarized in Table III. The values range
from 0.073 cm~1/Mrad to 0.039 cm~1/Mrad with an average value of 0.05 cm~1/Mrad.
This is in excellent agreement with the value of 0.0L5 cmfl/Mrad obtained as a
result of the Co-60 gamma irradiations described in Ref. 6.

The degree to which thermal annealing and radiation annealing remove the
defects generated by the ionizing radiation was obtained by comparing the shapes of
the ambient-temperature growth curves measured prior to and immediately following
the appropriate annealing treatment. Representative results of these experiments
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are presented in Figs. 23 through 29. Figure 23 illustrates the results of an
ambient-temperature electron irradiation, followed by a 300 C heat treatment, with
a subsequent re-irradiation at ambient temperature. The value of induced absorption
coefficient at the end of the initial irradiatien, a1 = 1.6 em~l, decreases to a
value, ao = 0.4 em™1 as a result of thermal annealing. However, complete removal
of the defects responsible for the coloration is not obtained at this temperature.
The fraction of the defects completely removed can be calculated in the following
manner. Curve B is translated along the abscissa until it intersects curve A.

Curve A is then subtracted from curve B to obtain the difference curve C, as shown
in Fig. 23. Curve C saturates at an induced absorption coefficient, Ao = 0.2k cmfl,
which is proportional to the number of defects remaining after the annealing
treatment. The fraction of the defects removed,f, is then calculated from the
following equation:

_ t-opmhe (6)

Oll-OLg

g

Using the values appropriate to Fig. 23, the fraction of defects removed by the

300 C thermal anneal is calculated to be 79%. Thus, even at 300 C the removal

of defects by thermal annealing is nearly complete. The results of this experiment
substantiate the hypothesis of defect generation by ionizing radiation since the
difference curve should have been zero with a fixed concentration of defects. The
results of a similar experiment in which the thermal annealing was conducted at

900 C is illustrated in Fig. 24. The growth curves before and after the heat
treatment are identical, indicating complete removal of defects at this temperature.
The same procedure was used to obtain the results illustrated in Fig. 25, except
that the irradiation-induced absorption was removed by a radiation annealing treat-
ment at an ionizing dose rate of 5 Mrads/sec and a maximum specimen temperature

of 200 C as shown in Fig. 26. The fraction of defects removed, calculated from

Eq. (6), is 66%, as a result of this radiation annealing treatment.

Experiments involving thermal annealing and radiation annealing of reactor-
irradiation-induced absorption, followed by ambient-temperature electron irradiation
were also conducted. However, the growth of induced absorption during the initial
reactor irradiation was not measured so that a detailed comparison of the consecu-
tive growth curves was not possible. Specimen SC-N-3 was reactor irradiated to a
dose of 1017/cm2 gast neutrons, resulting in an induced absorption coefficient of

T.3 emt at 2150 A. This absorption was completely removed by a 900 C heat treatment,

after which the specimen was electron irradiated at ambient temperature and a dose
rate of 0.02 Mrad/sec. The growth of the induced absorption coefficient during this
re-irradiation is illustrated in Fig. 27. This curve is very similar to those
obtained with previocusly unirradiated specimens and indicates that thermal annealing
at 900 C results in complete removal of the defects generated by reactor irradisation.
Specimen SC-N-1 was also reactor irradiated to a dose of 1017/cm2 fast neutrons,
resulting in an induced absorption coefficient of 7.6 cm,'l at 2150 K. The reactor-
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induced absorption was then completely removed by radiation annealing at an
ionizing dose rate of 5 Mrads/sec and a maximum specimen temperature of 250 C as
shown in Fig. 28, illustrating that radiation annealing is effective in removing
reactor irradiation-induced absorption as well as that due to electron irradiation.
The growth of the induced absorption coefficient during the subsequent ambient-
temperature electron irradiation of specimen SC-N-1 is illustrated in Fig. 29. The
shape of the resulting growth curve is also similar to that obtained with unirra-
diated specimens, an indication that the radiation annealing has resulted in
complete removal of the defects generated by the reactor irradiation.

Optical Bleaching

Experiments to determine the effects of optical bleaching on the irradiation-
induced absorption were conducted using specimens SC-16, SC-21, SC-22, and specimen
S5C-N~-2 which had been reactor irradiated to a dose of 1017/cm2 fast neutrons. The
results of several of these experiments are illustrated in Figs. 30, 31, and 32.

As shown in Pig. 30, Specimen SC-21 was first given an ambient-temperature electron
irrad%ation which resulted in an induced absorption coefficient of 1.k42 em™L at
2150 A. The specimen was then irradiated with ultraviolet light from the BH-6
mercury arc lamp for a period of 45 minutes. The specimen and arc were separateg
a distance of 4 cm, at which the intensity in the wavelength interval 2050-2250 A
was 2 mw/cm2 based on the data presented in Fig. 8. The induced absorption coeffi-
cient decreased to a value of 0.96 cm™L as a result of this optical bleaching
treatment. Subsequent re-irradiation at ambient temperature indicates a drastic
change in the shape of the growth curve as a result of optical bleaching as illu-
strated in Fig. 30. The induced absorption coefficient first increases rapidly

to the value measured prior to the optical bleach and then increases at a slower
rate that is approximately equal to the slope of the previous growth curve.
Specimen SC-22 was given a similar treatment ag shown in Fig. 31. However, the
light intensity in this experiment was 1 mw/cm® and the duration of the optical
bleach was increased proportionately to 90 minutes. Figure 32 illustrates the
results of an experiment in which the specimen SC-N-2, which hadobeen reactor irra-
diated to an induced absorption coefficient of 7.9 em~1 at 2150 A, was given an
optical bleaching treatment at 2 mw/cm2 for U5 minutes and then re-irradiated at
ambient temperature. The induced absorption coefficient decreased from 7.9 em™t

to L.95 em™L as a result of the optical bleaching treatment.

The growth of the induced absorption coefficient during the subsequent
re-irradiations exhibits the same behavior in each case as shown in Figs. 30, 31 and
32, The growth is characterized by an initial rapid rise to a value of induced
absorption coefficient measured prior to optical bleaching, followed by a slower
increase similar to that observed in previously unirradiated specimens.

Absorption Band Structure

Spectral scans of the induced absorption coefficient in the wavelength
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interval 2050~2500 K were also made on several gpecimens. Figure 33 illustrates

the absorption spectra of specimens SC-N-1, and SC-N-3 which were measured after a
reactor irradiation to a dose of 1017/cm2 fast neutrons. Figure 34 illustrates

the absorption spectra of specimen SC-10 which were measured during electron irra-
diation at an ionizing dose rate of 0.42 Mrad/sec and specimen temperatures of

100, 300, and 400 C. An additional spectral scan of specimen SC-1k4 made during run
41 at an ionizing dose rate of 5 Mrads/sec and a specimen temperature og 900 C did
not reveal any induced absorption in the wavelength interval 2050-2500 A. The
curves of Figs. 33 and 34 and a representative post-irradiation spectrum from Ref. 6
were normalized to their respective peak values and the resulting curves are
presegted in Fig. 35. All the curves are centered at a wavelength of approximately
2150 A, and the shapes of the curves do not differ appreciably although the specimen
irradiation histories were quite different.

Aluminum Oxide Specimen Irradiations

A total of four single crystal ultraviolet grade aluminum oxide specimens
were investigated in this portion of the experimental program. The material for
these specimens was supplied by Linde and optically polished by Insico, Inc. The
irradiation history of each of these specimens is presented in Table IV. Two of
these specimens (AL-N-1 and AL-N-2) had received a prior irradiation to a dose of
1017/cm2 fast neutrons at the Union Carbide Research Center Nuclear Reactor.
Electron irradiations of previously unirradiated specimens AL-l and AL-2 did not
result in any change in optical transmission in the wavelength interval 2050-2500 A.
During the high-~dose-rate irradiation of specimen AL-2, the specimen fractured,
probably as a result of thermal shock or dielectric breskdown.

Although the electron irradiated specimens did not exhibit any measurable
irradiation-induced sbsorption, a strong irradiation-induced absorption band with
a peak occurring at approximately 2050 A was observed in the reactor irradiated
specimens, as illustrated in Fig. 36. Reactor irradiated specimen AL-N-2 was then
given a heat treatment to investigate the thermal annealing rate as shown in Fig.
37. Thermal annealing begins at a specimen temperature of 500 C and resulted in
complete removal of the reactor irradiation-induced absorption at a specimen
temperature of 940 C.

Reactor irradiated specimen AL-N-1 was re-irradiated with 1.5 MeV electrons
at a current density of 25 microamp/cmg, corresponding to an ionizing dose rate of
3.5 Mrads/sec, as shown in Fig. 38. Although the specimen temperature did not
exceed 150 C during this irradiation, the induced absorption coefficient was observed
to decrease from 9.4 cm! to 4.6 cm™L in a time of 120 sec. Since specimen AL-N-2
was not observed to anneal in the absence of irradiation until a specimen tempera-
ture of 500 C had been reached, this data can be interpreted as evidence for radia-
tion annealing in aluminum oxide. However, as in the previous high-dose-rate irra-
diation of specimen AL-1l, specimen AL-N-2 fractured at an elapsed time of 120 sec.
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DISCUSSION OF RESULTS

The nuclear radiation incident on the transparent wall of the full-scale
NLB engine during normal operation will consist primarily of fission neutrons and
gamma rays. However, the results of this and previous experimental programs gon-
cerned with the irradiation-induced optical absorption band centered at 2150 A in
fused silica indicate that the generation of this absorption band is due to lonizing
radiation and that the effects of fission neutrons can be neglected. In fact, it
appears from the data obtained to date that the effects of fission neutrons and
gamma rays can be simulated with 1.5 MeV electron irradiation at the same ionizing
dose rate. The radiation annealing effects observed during the electron irradiation
experiments are also expected to occur during gamma irradiation since the resulting
ionization effects are the same at a given ionizing dose rate. Thus, the results
of the steady-state electron irradiation experiments at the ionizing dose rate of
the full-scale engine can be used to directly determine the level of induced absorp-
tion due to nuclear radiation that would be expected in the transparent wall at the
appropriate wall temperature. In addition, it has been demonstrated in the present
experimental program that exposure to ultraviolet light results in bleaching of the
irradiation-induced optical absorption and that the rate of bleaching increases
linearly with light intensity at the light levels used. Since the transparent wall
will also be exposed to intense ultraviolet light during normal operation, the level
of irradiation-induced optical absorption is expected to be lower than that measured
in the electron irradiation experiments due to the effects of optical bleaching.
As the optical bleaching rate was measured at light intensities that were several
orders of magnitude lower than that of the full-scale engine, an extrapolation pro-
cedure is necessary if a reasonable estimate of these effects is to be made.

Verification that the generation of irradiation-induced absorption in fused
gsilica is due to ionizing radiation alone will be demonstrated by comparing the
results of this and previous experiments with the predictions of the mathematical
equations presented in Appendix A in which the effects of fission neutrons are
neglected. The results of the steady-state electron irradiation experiments will
then be used to directly determine the level of irradiation-induced gbsorption
expected in the transparent wall of the full-scale engine, neglecting the effects
of optical bleaching. The effects of optical bleaching are included in the mathe-
matical equations and an estimate of the level of irradiation-induced absorption
including optical bleaching will be made by linear extrapolation from the bleaching
rates measured at low light intensities.

The linear increase of the induced absorption coefficient with icnizing
dose at ambient temperature, as predicted by Eq. (A-4) of Appendix A is in agreement
with the results of the ambient-temperature electron irradiations conducted in the
present program and the ambient-temperature CO-60 gamma irradiations described in
Ref. 6. 1In fact, the average value of the slopes of the electron irradiation growth
curves, presented in Table ITI, was 0.05 cmfl/Mrad, in close agreement with the
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value of 0.045 cmfl/Mrad measured in the Co-60 irradiation experiments of Ref. 6.
This indicates that the effects of gamma irradiation are adequately simulated by

1.5 MeV electron irradiation. The mathematical equations were based on a model

for the coloration process inwhich positively charged defects and free electrons

are generated by ionizing radiation. When a free electron is trapped at a posi-
tively charged defect, a color center is formed which gives rise to the observed
irradiation-induced absorption band. As predicted by Eq. (A-4), the induced absorp-
tion coefficient is not expected to saturate at ambient temperature since defects

are continuously being generated. Experimental evidence for this is illustrated

in Fig. 22 in which the ambient temperature growth curve did not show signs of
saturation up to an ionizing dose of 140 Mrads. The assumed model for the coloration
process is also in agreement with the results of the optical bleaching experiments.
Optical bleaching results in liberation of the trapped electron only, thus removing
the optical absorption while leaving the defects intact. A subsequent re-irradiation
should then exhibit a rapid initial growth due to trapping of free electrons at the
existing defects, followed by a slower growth due to the generation of new defects.
Experimental evidence for this behavior is illustrated in Figs. 30, 31, and 32 in
which growth curves before and after optical bleaching of specimens SC-21, 5C-22,

and SC~N-2 are presented. These curves can be used with Eq. (A—8) to calculate the
electron trapping constant, b, which gives the rate of trapping of free electrons

at defects when multiplied by the asppropriate ionizing dose rate. A sample

graphical calculation is illustrated in Fig. 32 and the results of the calculations
for specimens SC-21, SC-22, and SC-N-2 are summarized in Table V. The calculated :
values are approximately equal in each case, consistent with the equations, and |
the average value is b = 2 Mrad~t.

The calculated value of the electron trapping constant and the measured ;
value of the slope of the ambient-temperature growth curve can be used in Eq. (A-5)
to predict the value of the induced absorption coefficient resulting from an ambient-
temperature pulsed reactor irradiation such as the TRIGA experiments described in
Refs. 7 and 8. The calculated value is given by:

Gogrc = 3= [Py L (1-e772)] (7) |
where: {
g_; = 0.05 cm~!/Mrad from Table III
b = 2 Mrads™! from Table V
Dp = 2 Mrads - Ionizing dose of reactor pulse from Refs. 6 and T.
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Substitution gives G,g7, = 0.075 em™ which is in excellent agreement with the
experimental value of 0.073 em—1 reported in Ref. 7.

Further evidence for the case of ionizing radiation can be obtained by
comparing the results of the steady-state reactor-irradiation experiments described
in Ref. 9 with the corresponding results predicted by the mathematical model. In
this case, the solution for the steady-state irradiation-induced absorption coeffi-
cient at elevated temperatures is given as Eq. (A-10). The post-irradiation thermal
annealing time constants of Ref. 6 are used in this equation since the effects of
radiation annealing are negligible at the ionizing dose rate of 0.02 Mrad/sec that
was present during these experiments. The values of the steady-state induced
absorption coefficients calculated from Eq. (A-10) are compared with the experimen-
tally determined values from Ref. 9 at temperatures of T00, 800, and 900 C in
Table VI. The experimental values are slightly higher than the calculated values,
but this difference can be accounted for by the observed spread in the measured

values of the slopes of the ambient temperature growth curves presented in Table
IIT.

The above results indicate that the dominant defect genergtion mechanism is
due to ionization processes such as the rupturing of molecular bonds rather than
the displacements of atoms from lattice sites since the effects of fission neutrons
were excluded from the calculations in both cases. Fission neutrons are more
effective in displacing atoms than either electrons or gamma rays. In fact, for
a displacement threshold of 25 ev, the rate of generation of displacement type
defects by nuclear reactor, 1.5 MeV, and Co-60 gamma irradiations should be in the
approximate ratio 1000:10:1 respectively (see Refs. 10 and 11) at a given ionizing
dose rate. BSince the same generation rate is observed in each of the above types
of irradiation, there is strong evidence that the dominant defect generation
mechanism is due to ionization processes such as the rupturing of molecular bonds.
A model for the structure of the color center, consisting of an electron trapped at
a ruptured Si-O0 bond has been proposed in Ref. 12 and the calculated energy levels
are in reason%ble agreement with the observed location of the peak of the absorption
band at 2150 A.

It appears, therefore, that the assumption that the irradiation-induced
optical absorption in fused silica is due primarily to the effects of ionizing
radiation, is well founded. The results of the steady-state electron irradiation
experiments summarized in Table IT and illustrated in Fig. 20 can, thus, be used to
directly determine the level of irradiation-induced optical absorption expected in
a full-scale engine in the absence of optical bleaching. The ionizing dose rate
for the transparent wall of the full-scale engine is given in Ref. 13 as approxi-
mately 5 Mrads/sec. At this ionizing dose rate and a wall temperature of 300 C
the curves of Fig. 20 indicate a steady-state induced absorption coefficient at
2150 A of only 0.1 em~Ll, This small value of induced absorption is due to the
effects of radiation annealing which results in very rapid annealing at high ionizing
dose rates. The rate of annealing at 5 Mrads/sec and 300 C can be calculated by
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substituting the measured value of ag = 0.1 em™t and the appropriate values of

b, 3a/9D, and D into Eq. (A-11l) and solving for the annealing rate,v,. The result
is:

= 5 Mrads/sec, T = 300 C) = 2 sec™t

vA(D

This is a factor of 1000 times greater than the thermal annealing rate measured at
300 C in the post-irradiation experiments of Ref. 6.

The results of the low-light-intensity optical bleaching experiments con-
ducted during the present experimentgl program can be used in conjunction with the
mathematical model to obtain an estimate, that includes the effects of optical
bleaching, of the level of irradiation-induced sbsorption expected in the full-
scale NLB engine. The effects of optical bleaching are included in the mathematical
model by a bleaching rate that is linearly proportional to the light intensity
within the absorption band. The constant of proportionality, c, referred to as
the optical bleaching constant, can be determined from the results of the optical
bleaching experiments using Eq. (A-T). A sample calculation is presented in Fig.
32, and the results of the calculations for specimens SC-16, SC-21, SC-22, and
SC-N-2 are summarized in Table V. Although the optical bleaching experiments were
conducted at different light intensities, durations of exposure, and initial absorp-
tion coefficients, the calculated values of the optical bleaching constant are
approximately equal with an average value of 0.08 watts~Ll-cmP-secl. This indicates
that at the light levels used the optical bleaching rate was linearly proportional
to light intensity. According to the calculations presented in Ref. 1k, the llght
intensity of the full scale NLB englne in the wavelength interval 2050- 2250 A is
approximately Iy = 1000 watts/cm . If it is assumed that the optical bleaching rate
varies linearly with light intensity at this level also, then Eq. (A-12) can be
used to predict the steady-state irradiation-induced absorption coefficient for
the full-scale engine due to the combined effects of generation, annealing and opti-
cal bleaching of color centers. The appropriate equation is:

. b
aS(Dw,TW,IW) =(ﬂ> Dw DW
3D JbDy + vy (Dy, Typ)teTy v (D, Ty)
(29) = 0.05 cm~1/Mrad - from data in Table III
D
b = 2 Mrads™t - from data in Tsble V

0.08 Watts_l—cmg—sec_l - from data in Table V

0
il

5 Mrads/sec - from Ref. 13

=
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TW = 300 C
vA(ﬁw,TW) = 2 sec™T - calculated from Eq. (A-11)
I, = 1000 watts/cm® - from Ref. 1l

The resulting calculated value of induced absorption coefficient at 300 C
is 0.01 cm‘l, which is a factor of ten lower than the value of 0,1 cm™! measured
directly at the same ionizing dose rate and specimen temperature in the absence of
optical bleaching. Thus, even at the moderate wall temperature of 300 C, the
irradiation~-induced absorption coefficient at 2150 A is estimated to be between
0.0l and 0.1 em™t during full-power operation. At higher temperatures, the induced
absorption is expected to be less due to the corresponding increase in the annealing
rate.

The resulting heat deposition in the transparent wall due to this absorption
is given by Eq. (A-13).

Q = as(ﬁW,TW,Iw)IW watts/cm3 (9)

At a wall temperature of 300 C and the light intensity of 1000 watts/cm2
from Ref. 14, the resulting heat deposition is between 10 and 100 watts/cm3. The
total heat deposition in the transparent wall is approximately L4500 Watts/cm3 based
on calculations presented in Ref. 15 so that the additional heat load due to
irradiation-induced optical absorption appears negligible even at 300 C and neglec-
ting optical bleaching. The fraction of the total radiant light intengity which is
absorbed in the transparent wall due to irradiation-~induced absorption in the band
centered at 2150 A,for a wall thickness of 0.005 in., is between 0.02% and 0.002%
at 300 C and is also negligible.
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LIST OF SYMBOLS

Defect generation constant, em~3-Mrag-1
Electron trapping constant, Mrad—t
Optical bleaching constant, watt_l—cme—sec‘l

Tonizing dose, Mrad

Ionizing dose of reactor pulse, Mrad

Tonizing dose rate, Mrad/sec

Tonizing dose rate deposited in transparent wall, Mrad/sec
Specimen thickness, mm

Electron kinetic energy, MeV

Light intensity, watts/cm2

Chart recorder amplitude during irradiation, dimensionless
Chart recorder amplitude prior to irradiation, dimensionless
Light intensity incident on transparent wall, watt/cm2
Current density, microam.pere/cm2

Optical path length, mm

3

Concentration of color centers, cm
Concentration of defects, em™3

Index of refraction, dimensionless

Heat deposition in transparent wall, watts/cm3
Radius of electron beam, cm

Radius of optical beam, cm

Specimen temperature, Deg C
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TW Transparent wall temperature, Deg C
t Elapsed time during irradiation, sec
%egle Calculated induced absorption coefficient, cm_l
ap Absorption coefficient at peak of induced absorption band, cm—l
o Steady-state induced absorption coefficient, cm_l
a(A) Induced absorption coefficient at a wavelength,A, cm_l
At Duration of optical bleaching treatment, sec.
- [o]
A Wavelength, A
£ Fraction of defects removed by annealing, dimensionless
oph(k), Optical absorption cross section at a wavelength,), cm®
TA(T) Thermal annealing time constant, sec.
vA(ﬁ,T)' Annealing rate, sec™t
¢S Angle between specimen and incident 1ight beam, deg
¢t Angle between specimen and refracted light beam, deg
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APPENDIX A

KINETIC EQUATIONS FOR COLOR CENTER GENERATION IN FUSED SILICA

The kinetic equations that were presented in Ref. 9 have been modified to
incorporate the information obtained in the present experimental program. It has
been determined that the coloration Procegs responsible for the irradiation-
induced absorption band centered at 2150 A occurs in two steps. First, defects
are generated by ionizing radiation, probably as a result of rupturing of molecular
bonds. Free electrons, which are also generated by the ionizing radiation, are then
trapped by these defects resulting in the formation of color centers. Annihilstion
of the color centers results from both bleaching and annealing processes. A
bleaching process results in liberation of the trapped electron only, while an
annealing process results in complete annihilation of the center. Thermal de-
coloration results in almost complete removal of the centers at moderate tempera-
tures (n300 C) and complete removal at high temperatures (900 C) so that the
interpretation of thermal decoloration as an annealing process seems Justified.

In addition, it was found that the rate of thermal annealing during irradiation was
more rapid than in the absence of irradiation. This is interpreted as a radiation
annealing effect which has been accounted for in the kinetic equations by making
the annealing rate an increasing function of both temperature and ionizing dose
rate. Optical decoloration by irradiation with ultraviolet light results in libe~
ration of trapped electrons but does not remove defects and is thus a bleaching
effect.

The effects of optical bleaching and radiation annealing are included in
the following kinetic equations which describe the generation of defects and the
subsequent trapping of electrons at these defects to form color centers, respec-
tively. '

4and . °
— = aD - v,(D,T) N (A-1)
dt AT d
e = pPH(N-N_)=v,; (D, T)N ~cIN (A-2)
at @ e/ YAV c ¢
where:
D = ionizing dose rate (Mrad/sec)
I = light intensity in absorption band (watt/cmg)
T = specimen temperature (Deg C)
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Ny = concentration of defects (cm_3)
Nc = concentration of color centers (cm'3)
a = defect generation constant (cm™3-Mrad—l)

b = electron trapping constant (Mrad"l)

¢ = optical bleaching constant (watts'l—cmz—sec"l)

vA(ﬁ,T) = annealing rate (sec™1)

The resulting irradiation-induced absorption coefficient is directly
proportional to the concentration of color centers and is given by:

a()) = cph(A)Nc (A-3)
where:
a(x) = induced absorption coefficient at the wavelength,x,'(cm_l)
cph(x) = optical absorption cross section at the wavelength,), (cmg)

Certain solutions to the kinetic equations and the way in which they relate
to the results of this and previous experimental programs are summarized below.

Kinetic Equation Solutions

Ambient-Temperature Growth Curves - Previously Unirradiated Specimens

In this case, the effects of annealing and optical bleaching are negligible
and the increase of the induced absorption coefficient with ionizing dose is given

by

a(D) = [D—%—(l—e_bD )] (A-))

ago ph

The growth curve becomes a straight line for D>>%—With a slope given by:

0. _
i) acph

29



J-990929-1

Ambient-Temperature Pulsed Reactor Experiments

If the effects of neutron damage are neglected, Eq. (A-4) can be used to
calculate the induced-absorption coefficient due to an ambient temperature pulsed
reactor irradiation of total dose Dp.

da

— LD
9D [

a(Dy) = b - % (1-e™PPp)] (A-5)

where %%‘ is the measured slope of the linear portion of an ambient-temperature

electron or gamma irradiation. ]

Optical Bleaching of Previougly Irradiated Specimens

In this case the specimen is irradiated to an induced absorption coefficient
01 and then given an optical bleach of duration At, at a temperature at which
thermal annealing is negligible. The induced absorption coefficient after the
optical bleach, a,, is given by:

a, = ale'CIAt (A-6) B

where:

1_am?

~cme-gec—1)

¢ = optical bleaching constant (watts™

I = total light intensity incident on the specimen with wavelengths in the
absorption band (watts/cm?)

At = duration of optical bleach (sec)

The optical bleaching constant can then be calculated from the following
equation:

(03
c = _.i__ In __;L__ (A—'T)

IAt a2

Ambient-Temperature Growth Curve Following Optical Bleach

After the optical bleaching described gbove, a fixed concentration of
defects proportional to (aj-a,) remains in the specimen. If the specimen is re-
irradiated at ambient temperature, the growth of the induced absorption coefficient
will be characterized by an initial rapid increase due to electron trapping at the ‘
remaining defects and a much slower increase due to the creation of new defects. s
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The latter contribution can be neglected during the initial portion of the growth
curve which is then given by:

a(D) = agt(ag-a,)(1-e""P) (A-8)

The electron trapping constant, b, is then given by the reciprocal of the
ionizing dose at which the induced absorption coefficient reaches the value 03,
where:

= - _a—l
ay = ayt(og az)(l e™)
(A-9)

a2+0.63 (al—ag)

Steady-State Reactor Irradiation at Elevated Temperatures

In this case the induced absorption coefficient reaches a steady-state value
during irradiation due to the competing effects of the generation and annealing of
color centers. The effects of optical bleaching are negligible and the annealing
rate should be equal to that measured in post-irradiation experiments due to the
low value of ionizing dose rate. The steady-state absorption coefficient 1s given

by:

. = (9a bD -
o (D,T) <8D> —— DT, (1) (A-10)
7, (T)

where:

TA(T) = thermal annealing time constant at specimen temperature T as measured
in post-irradiation experiments (sec).

A1l of the parameters in Eq. (A-10) are independently measurable quantities

so that comparison with experiment is possible. This can be used to check the
validity of the assumed mathematical model.
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Steady-State Electron Irradiabtion at Elevated Temperatures¥

This case is similar to the steady-state reactor experiments except that at
the high dose rates employed the annealing rate becomes an increasing function of
dose rate due to radiation annealing:

a (D,T) = <@_> __bD . D (a-11)
s 3D bD+vA(ﬁ,T) vA(D,T)

A knowledge of as(b,T) can be used to calculate the annealing rate at a
given ionizing dose rate and specimen temperature from the above equation.

o .
Power Depogited in Transparent Wall of Full Scale NLB due to 2150 A Absorption Band

In the case of the full-scale engine, the effects of radiation annealing
and optical bleaching must both be included: The resulting equation for the steady-
state irradiation-induced absorption coefficient is:

. e - Dy (a-12)
aS(DW’TW’IW) = (aD) -bDw+\)A<f)w,Tw)+ch \)A(bW’TW)

where:

o
i

predicted ionizing dose rate deposited in the transparent wall at

W
full power. (Mrad/sec)
T; = transparent wall temperature at full power (Deg C)

predicted light intensity at full power within the absorption band
incident on the transparent wall (watts/cmz).

=2

If the product of the absorption coefficient and the transparent wall
thickness is much less than one, the resulting volumetric heat deposition is uni-
form and is given by:

Qr = o Dy Ty Ty Iy (A-13)

¥ Transient solutions for the case of elevated temperature electron irradiations
are difficult to obtain due to a lack of knowledge of the variation of the
annealing rate with time during the onset of irradiation.
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Specimen Run Initial Absorption Ionizing Dose Rate

TABLE I

IRRADIATION HISTORY OF CORNING T9LO FUSED SILICA SPECIMENS

Tonizing Dose

Maximum Specimen

No. No. Coefficient D(Mrads/sec) (D-Mrads) Temperature
' alem) (T - Deg C)
SCc-1 1 0.0 0.8k4 172 340
8C-1 2 0.0 1.7 600 Loo
SC-1 3 0.0 3.4 680 400
SC-1 L 0.0 0.84 495 500
SC-1 5 0.0 3.40 1550 250
SC-2 6 0.0 1.25 325 koo
SC-2 7 0.0 1.25 287 300
SC~2 38 0.0 1.25 525 170
SC-3 9 0.0 1.25 790 300
SC-~3 10 0.0 1.25 230 500
SC-L 11 0.0 2.5 850 190
SC=Uk 12 0.0 2.5 350 370
SC-5 13 0.0 1.25 310 140
sSC-~5 1k 3.8 Q.EO 1000 200
SC~5 15 1.k 3.40 630 220
SC~5 16 0.50 5.0 800 300
SC~5 1 0.25 1.25 225 100
SC~5 1 L .20 3.k 510 240
SC~-6 19 0.0 3.7 930 230
SC-6 20 0.5 3.7 780 340
sSC-7 21 0.0 5.0 800 300
sC-8 20 0.0 0.84 550 200
SC-9 23 0.0 0.42 395 100
SC~9 ol 0.0 3.7 460 500
SC-10 25 0.0 0.k2 1050 300
SC-10 26 1.3 0.42 1000 500
SC-11 27 0.0 0.17 600 500
SC-12 28 0.0 0.08 345 500
SC-1 2 0.0 0.02 Lo
sc-1§ 3% 0.0 0.02 E% Ty)
SC-14 31 0.0 5 5000 900
SC-15 32 0.0 0.02 18 Lo
SC-15 33 1.2 5 1200 200
SC-15 3L 0.0 0.02 12 L0
SC-16 35 0.0 0.02 15 4o
SC-17 36 0.0 0.02 140 Lo
3C-18 37 0.0 0.02 30 Lo
SC-18 38 1.6 10 1000 400
SC-18 39 0.0 0.02 30 4o
SC-19 Lo 0.0 0.02 26 Lo
SC-19 L1 0.k 0.02 2k L0
SC-20 Lo 0.0 0.42, 5 1750 400
SC—2T I3 0.0 0.02 o 0
SC-21 LY 0.96 0.02 12 4o
SC-22 hs 0.0 0.02 24 40
80-02 L6 0.7 0.02 12 Lo
SC-N-1% L7 7.8 5 1000 250
SC-N-1% L8 0.0 0.02 32 40
SC-N-2% L9 4.95 0.02 7 Lo
SC-N-3* 50 0.0 0.02 68 Lo

* Reactor

irradiated to fast neutron dose of 1017n/cm2 prior to electron irradiation.
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TABLE IT

STEADY-STATE VALUE OF INDUCED ABSORPTION COEFFICIENT DURING
ELEVATED TEMPERATURE ELECTRON TRRADTATION AT A = 2150 A

Specimen  Run Ionizing Dose Rate  Specimen Temperature Steady-State Induced

No. No. D (Mrads/sec ) T - Deg C Absorption Coefficient
ocs--cm'1
SC-1 1 0.8L4 340 0.85
SC-1 2 1.7 400 0.15
SC-1 3 3.4 400 0.05 o
sc-1 L 0.8k 300 1.35 ?
sc-1 i 0.84 500 0.05
sC-1 5 3.L 250 0.20
SC-2 6 i1.25 400 0.30
SC-2 7 1.25 300 1.10
SC-2 8 1.25 170 2.75
sSC-3 9 -1.25 1ko 3.ko
sSC-3 9 1.25 300 1.25
S¢-3 10 1.25 500 0.0
SC-4 11 2.50 190 1.5
SC-h 12 2.50 370 0.35
SC-5 13 1.25 120 3.80
SC-5 1k 2.5 200 1.ko0
SC-5 15 3.k 220 0.50
8C-5 16 5.0 300 0.25
sCc-5 17 1.25 100 4,20
SC-5 18 3.4 240 0.30
SC-6 19 3.7 200 1.4h0
8C-6 19 3.7 230 0.70
SC-6 20 3.7 310 0.20
SC-6 20 3.7 340 0.10
SC~T 21 5.0 300 0.08
sc-8 22 0.8k 120 . 4.60
sc-8 22 0.8L 200 3.40 )
SC-9 2 0.42 100 5.0 §
SC-9 2 3.70 500 0.0 3
SC-10 25 0.k2 100 '2.7
SC-10 25 0.42 200 .1 )
SC-10 25 0.h2 300 2.2 g
sC-10 26 0.42 300 2.0 A
SC-10 26 0.k2 koo 0.75
SC-10 26 0.h2 500 0.40
SC-11 27 0.17 100 2.50
sSc-11 o7 0.17 200 .30
SCc-11 27 0.17 300 1.60
SC-11 27 0.17 400 0.50 :
SC-11 27 0.17 500 0.20 ;
SC-12 28 0.08 100 L.70
SC-12 28 0.08 200 3.50
Sc-12 28 0.08 300 1.30 '
SCc-12 28 0.08 Loo 0.40
Sc-12 28 0.08 500 0.10
SC-1k 31 5.0 900 0.0
SC-20 Lo 0.42 100 5,2 ’
SC-20 Lo 0.Lk2 250 2.9
8C-20 ho 5 400 0.0
SC-20 L2 0.k2 250 2.5
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TABLE IIT

SLOPE OF GRO%TH OF INDUCED ABSORPTION COEFFICIENT
AT )\ = 2150 A DURING AMBIENT TEMPERATURE ELECTRON
TRRADIATION AT AN IONIZING DOSE RATE OF 0.02 MRAD/SEC

Specimen No. Run No. Slope —(é%)—cm”l/Mrad
8¢-13 29 0.0uLbL
SCc-13 30 0.0L4k
SC-15 32 0.070
80-15 34 0.073
Sc-16 35 0.067
SC-17 36 0.0k42
SC-18 37 0.0k45
sC-18 39 0.053
SC-19 Lo 0.054
SC-19 41 0.05h
sc-21 43 0.053
sC-21 Ll 0.045
SC-22 45 0.0k2
S¢-22 L6 0.039
SC-N-1 48 0.0k2
S0-N-3 50 0.0k2

Average Slope - <§9> = 0.05 cm™t/Mrad
D
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TABLE IV

IRRADIATION HISTORY OF ALUMINUM OXIDE SPECIMENS

Specimen Reactor Irradiation Dose Electron Irradiation Conditions =

n/cme Dose Rate Temperature EFElapsed Time |

Mrad/sec deg C min '

AL-1 — 0.1k Lo 20 i

AT-2 - 7 200 2% Wl

AL-N-1 1017 3.5 150 o 5
AL-N-2 1017 -— - -

¥ Run terminated due to specimen fracture.
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TABLE VI

COMPARTSON OF EXPERIMENTAL AND CALCULATED VALUES AT STEADY-STATE {
REACTOR-IRRADIATION-INDUCED ABSORPTION COEFFICIENT AT 2150 A )

= (_a_(!) DT __._._bD

a v
cale ~\3p/ 4 b +1 .
T :
A

D= 0.02 Mrad/sec §
3a> -1
— )} = 0.05 cm —/Mrad 4

(35) = 005 e/

b = 2 Mrads™>
Specimen Temperature Thermal Annealing Calculated Absorp- Experimentally Determined %é

T - Deg C Time Constant¥* tion Coefficient Absorption Coefficient®¥

T, (sec) acalc(cmfl) us(cmfl %
700 61.5 0.0kbL 0.05k é
800 57.7 0.040 0.050
900 3h.Y 0.023 0.034 $

¥ From Ref. 6

*¥%* Trom Ref. 9
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FIG. 2
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BLOCK DIAGRAMS OF OPTICAL SYSTEMS
USED FOR LIGHT SOURCE MEASUREMENTS
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4=990929 -1 FIG, 33

ABSORPTION SPECTRA OF FUSED SILICA AFTER
REACTOR IRRADIATION TO 10]7 n/CM? FAST NEUTRONS
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J~990929-1 FIG. 34

ABSORPTION SPECTRA OF FUSED SILICA AT ELEVATED TEMPERATURES
DURING ELECTRON IRRADIATION
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. J-990929-1 FiG. 35

NORMALIZED IRRADIATION~INDUCED ABSORPTION SPECTRA OF FUSED SILICA
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J-990929-1 FIG. 36

ABSORPTION SPECTRA OF ALUMINUM OXIDE AFTER REACTOR
IRRADIATION TO 10" n/CM? FAST NEUTRONS
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